INTRODUCTION
One criticism which can be leveled at thennal wave images is that their resolution is often less than that of the very best ultrasonic images of similar targets. This reduction of the resolution arises from the transverse diffusion of heat in the thennal waves reflected from the subsurface defects in the sample. In this paper we describe a technique for removing the blurring of pulsed thennal wave images of planar defects through the reconstruction of the shape of the scatterer by use of inverse scattering techniques. Although the method at present is restricted to planar defects, this special class of defects includes delaminations and disbonds in layered materials, defects which are of great interest to a variety of industries. Therefore, the availability of a reconstruction algorithm provides a solution to an important problem in nondestructive evaluation. The algorithm produced we have developed is quite simple and very effective when it is applied to thennal wave images of such defects. The idea behind the design of the model is the manipUlation of the equations of thermal wave scattering theory in such a way that the scattered wave at the surface of the sample ends up being expressed as a convolution of a "heat spread" function, with a function which describes the shape of the scatterer. The Fourier transfonn of the surface temperature contrast (the contrast in the image is essentially just a representation of the scattered wave) can then be expressed as a simple product of the Fourier transform of the heat spread function and the Fourier transfonn of the shape function of the scatterer. In principle, application of the algorithm consists of performing a two-dimensional spatial Fast Fourier Transfonn (FFf) on the experimental image of the (unknown) scatterer, dividing the resulting Fourier tran'sfonn by the transfonn of the (known) theoretical heat spread function, and finally doing an inverse FFf to obtain the shape of the scatterer. In practice the situation is not quite so simple. The problem is caused by image noise which can be thought of as arising from two sources. One is the [mite accuracy of the scattering data, which is typically digitized at an 8-bit level. The other is the intrinsic thennal noise in the detector which is used to fonn the image. This noise causes the image of the scatterer to be obscured in the deconvolved image. However, both contributions to the noise show up principally in the high-frequency region of the spatial spectrum (FFT). This fortunate circumstance allows us to overcome the noise problem by applying any of a variety of low-pass filters to the Fourier transfonn of the experimental image prior to deconvolution. The resulting algorithm contains one more computational step, namely the filtering operation, but it has been quite successful in practice. The only negative effect is a very slight rounding of the sharper comers in the image due to the loss of high-frequency infonnation in the filtering process.
THE INVERSION MODEL
Our inversion technique is based on a Green's function model in which the defect is imagined to be a planar scatterer at some given depth A. beneath the surface of the sample.
The heat source is imagined to be the result of the absorption of a short optical pulse in an infinitesimally thin surface layer uniformly distributed over the surface of the sample at time, t = O. Our model describes the undisturbed propagation of the resulting thermal wave pulse from the surface of the sample down to the defect, the scattering (reflection) of the pulse at the surface of the defect, and the subsequent propagation of the scattered pulse back to the surface. With this model it is possible to express the theoretical surface temperature contrast, which is defmed as the surface temperature resulting from the scattering with the timedependent background subtracted, as
Here a is the thennal diffusivity of the material and f(x,y) is a function which describes the shape of the defect. The constant A is determined by the power per unit area in the original heat pulse. This formula takes account of both the dispersion of the incident pulse as it propagates down to the defect, and its scattering and subsequent propagation back to the surface. A detailed derivation of the equation, as well as similar equations for different boundary conditions at the defect will be published elsewhere. Our inversion algorithm relies on the fact that this equation is a convolution of two functions of the form
The algorithm for inverting the scattering is quite simple. The experimental thermal wave image first is converted to a contrast image by subtracting the time-dependent background leaving only the experimental equivalent of LlT(x,y, t), i.e. the image of the thermal wave "echo". A two-dimensional FFf of the resulting contrast image is then divided by the Fourier transform of the function g(x,y,t), with the value of the time t chosen to correspond to the delay time at which the experimental image was taken. As indicated by the wellknown convolution theorem for Fourier transforms, the ratio of these two transforms should be the Fourier transform of f(x,y). In principle, all that remains to acquire an image of the shape function f(x,y) is the performance of an inverse FFf on the ratio of the transforms. This procedure, which functions flawlessly for simulated images, fails when it is applied to actual experimental images. This failure is due to the fact that experimental images contain a considerable amount of high frequency spatial noise resulting both from detector noise, and from the digitization (usually 8-bit) of the image signal. The function g(x,y,t), on the other hand, is quite smooth and contains almost no high frequencies. When the transform of the experimental image is divided by the transform of g(x,y,t), the high frequency noise it contains is exaggerated to the point where it completely obscures the image of the defect. Fortunately this problem is easily overcome. All that is required is that the transform of the experimental image be filtered with a low-pass fllter, prior to the division by the transform of g(x,y,t). The application of the inverse FFf then produces an accurate reconstructed image of the defect, with only a slight rounding of the sharper corners caused by to the loss of high frequency information in the filtering process. The complete inversion calculation takes about one minute on a Macintosh llfx, a time which is quite acceptable for a large number of practical applications.
RESULTS
We display here images of fabricated defects, both before and after reconstruction. The images in this section were obtained with the use of our Pulse-Echo Thermal-Wave Imager at Wayne State University. This imaging system operates by pulsing a set of high-power flash lamps to flash heat the surface of the sample, and by recording the returning thermal wave image pulse with an infra-red video camera. A background level averaged over a featureless region of each image has been subtracted from the raw data to yield an image corresponding to the differential contrast temperature given by Eq. 1. The fIrst image, shown in Fig. 1 , is of two 12.5 mm holes milled into the rear surface of a thick piece of opaque plastic. The centers of the holes are 13 mm apart, so the wall between them is 1 mm thick. The bottoms of the holes are 1.7 mm from the front surface of the sample. The image on the left shows the raw pulse-echo thermal wave image of the bottoms of the two holes as viewed from the front (blank) side of the sample. The blurring of the image due to the diffusion of heat parallel to the plane of the sample has rendered the thin wall between the two holes rather indistinct. In addition, this image shows the effects of a rather large temperature gradient across the sample. This is presumably due to uneven heating by the flash unit, and causes the hole on the right to appear to be much larger than the one on the left. In the right half of Fig. 1 we show the result of the inversion of the image on the left. It should be noted that the 1 mm separation of the two holes is now clearly resolved, and that they also appear to be the same (correct) size. Thus, this example illustrates the use of the algorithm both to minimize the effects of uneven heating, and to improve the resolution of an image by showing two separate defects where only one irregularly shaped one seemed to be present in the raw image.
In Fig. 2 we show a pulse-echo thermal wave image of a sample designed to provide a simulation of corrosion in an aircraft lap joint, together with the result of the application of our inversion algorithm to the raw image. This sample consists of two 2.4 mm thick plates of aircraft aluminum alloy with three rectangular air-gap areas between the two plates. The air gaps were fabricated by machining away the metal within the rectangles on the surface of one of the plates before it was joined to the other plate. The air-gap thicknesses were chosen to simulate 75%,50%, and 25% corrosion of the metal. Note that, in the raw image on the top, the deeper the air-gap is beneath the surface, i.e. the less the "corrosion", the more indistinct its thermal wave image becomes. Nonetheless, when the inversion algorithm is applied to the image producing the image shown on the bottom, all three" defects" appear with quite sharp edges and comers, and all with the same (correct) size. In this image we have used a display technique which causes the defects to appear to be raised from the surface to emphasize the similarity of their sizes and shapes. This example illustrates the use of the inversion algorithm to remove the blurring of deeper defects. A final example of the application of the inversion algorithm is shown in Fig. 3 . Here the blurring is due to the time delay between the application of the heat pulse and the acquisition of the image. The figure shows three raw images, taken at three different acquisition times, of a cross-shaped hole in the rear surface of a stainless steel plate. The raw images (top) become increasingly blurred as the acquisition time increases (from left to right in the image). The deconvolved images (bottom) all show the same clear outline of the shape of the cross. A comparison of this outline with the actual defect shows that size of the defect is correctly given by the deconvolved images. The same is also true for the images in Figs. 2 and 3. 
CONCLUSIONS
We have demonstrated the possibility of performing inverse scattering calculations on experimental thermal wave images to improve their resolution and to obtain quantitative shape and size information about the scatterer. The method is capable of removing the blurring due either to increasing defect depth or to increasing image acquisition time, and significantly improves the resolution of the images. The technique is simple and fast, and requires only the use of a desktop computer.
